Abstract
children's bone. We investigated children's cortical bone obtained from chirurgical waste. 22 fibula or 23 femur samples from 21 children (1-18 years old, mean age: 9.7± 5.8 years old) were compared to 16 24 fibula samples from 16 elderly patients (50-95 years old, mean age: 76.2 ± 13.5 years old). Stiffness 25 coefficients were evaluated via an ultrasonic method and anisotropy ratios were calculated as the ratio 26 of C 33 /C 11 , C 33 /C 22 and C 11 /C 22 . Stiffness coefficients were highly correlated with age in children 27 (R>0.56, p<0.01). No significant difference was found between C 11 and C 22 for either adult or child 28 bone (p>0.5), nor between C 44 and C 55 (p>0.5). We observe a transverse isotropy with C 33 > C 22 = C 11 29 > C 44 = C 55 > C 66 . For both groups, we found no correlation between age and anisotropy ratios. This 30 study offers the first complete analysis of stiffness coefficients in the three orthogonal bone axes in 31 children, giving some indication of how bone anisotropy is related to age. Future perspectives include 32 studying the effect of the structure and composition of bone on its mechanical behavior. 
Theoretical approach 112
In this study, we considered cortical human bone as an elastic unlimited medium (the wavelength is 113 smaller than the transverse dimension of the sample). Human bones are generally considered to be 114 orthotropic (Ashman et al., 1984; Yoon and Katz, 1976) . 115
For generally anisotropic media, Hooke's law is written as follows: 116
In Equation 1,  ij denotes the ij component of the stress tensor,  kl represents the components of the 117 strain infinitesimal tensor and C ijkl is the stiffness tensor. Assuming orthotropic behavior of the bone 118 requires nine independent elastic coefficients of the stiffness tensor which can be expressed in Voigt 
We calculated the velocities of pure compressional and shear waves propagating along the three 121 principal axes, which gave us the diagonal elements of the stiffness matrix. The relationships between 122 the velocities and elastic coefficients of the material are: 
Ultrasonic measurements 131
To find the diagonal elements of the stiffness matrix, the velocities of compressional and shear 132 waves need to be determined. Two mountings, one for compressional waves and the other for shear 133 waves, were used. For both compressional and shear waves, we assumed a non-dispersive medium and 134 we determined the wave velocity propagating in the xi direction using a comparison method: 
Results

169
Raw data are presented. All the values of ultrasonic wave velocities are given in Table 1, with mean  170 and standard deviation for each group. The relationships established above between the velocities and 171 the stiffness coefficients of the material gave the C ii coefficients summarized in Table 2 . The mean 172 values of elastic coefficients from our study are also compared with values from the literature (Table  173 2). 174
The elastic coefficients for adult fibulae are quite similar to those from the literature for femur and 175 tibiae evaluated with ultrasonic methods (Ashman et al., 1984; Hoffmeister et al., 2000) . Values from 176 the children's bone, especially the femur, are lower than those from the adults. Due to the mean age 177 gap of the two groups (resp. 12.9 ± 3.3 y.o for fibula and 3.6 ± 5.3 y.o for femur), we cannot compare 178 fibula and femur values in these children. A significant correlation was found in the children's bone 179 between all the stiffness coefficients and age (R>0.56, p<0.01). Moreover, the stiffness coefficients are 180 all correlated (R>0.55, p<0.01). In the elderly adult bone, we only found a negative correlation 181 between C 33 and age (R=-0.63, p<0.01). 182
No significant difference was found between C 11 and C 22 and between C 44 and C 55 , for either adult or 183 child bone (p>0.5), which confirms transverse isotropy with C 33 > C 22 = C 11 > C 44 = C 55 > C 66 . In both 184 groups, we found no correlation between age and anisotropy ratios. 185 Figure 4 shows the evolution of stiffness coefficients with age, revealing that stiffness coefficients 186 increase in growing bone. Moreover, the effect of main direction is observed, with the axial stiffness 187 coefficient (C 33 ) 1/3 above radial and tangential values (respectively C 11 and C 22 ). 188 
Discussion
225
The first aim of the study was to determine and to compare stiffness coefficients in children's and 226 elderly adults' cortical bone samples. The method we used is based on measuring both compressional 227 and shear ultrasonic bulk wave velocities (BWV) propagating along various directions of a bone 228 specimen (Lang, 1969) . While this method is widely used, it has major drawbacks related to specimen 229 size and geometry. With a range frequency of 1-2.5 MHz, the specimen must typically be larger than a 230 few millimeters (5 mm). This is because measured wave velocities must be linked to bulk waves, 231 which propagate when the wavelength is smaller than the dimension of the specimen (Ashman et al., 232 1984). In this study, samples were machined from fibulae whose cortical thickness was below 3mm. 233
By improving the cutting process so as to avoid any lack of parallelism, we finally obtained specimens 234 of approximately 2x2x2 mm 3 . For both compressional and shear wave velocity measurements, we 235 used a frequency of 5 MHz to achieve a wavelength greater than the typical size of bone tissue 236 heterogeneities (< a few hundred microns) and smaller than the specimen dimensions. Another 237 limitation of this study was that only elastic constants for the main diagonal of the stiffness tensor 238 could be evaluated. It takes one or several 45° oblique cuts to retrieve all non-diagonal terms of the 239 stiffness tensor, which was not technically possible with our specimen size. This prevented conversion 240 of the elastic stiffness coefficients into engineering coefficients (Young's moduli, shear moduli and 241
Poisson's ratios). 242
The longitudinal stiffness coefficients (C 11 , C 22 and C 33 ) generally found for adult cortical bone 243 with the ultrasonic method range between 16.8 GPa and 31. The authors conclude that the SOS increases linearly to a maximum reached at around 25-30 years 255 old, after which values decrease more slowly up to the age of 80. These data differ from ours because 256 the in vivo approach introduces the effect of soft tissue and bone geometry. Moreover, the study was 257 performed on the hand phalanx, which is not mechanically stressed. Nevertheless, even with the gap in 258 age coverage between our studies (our population being children of 1-18 and adults of 50-95), our in 259 vitro results exhibit the same trend as their in vivo study. In conclusion, this study contributes a new set of ultrasonic wave velocities and elasticity values for 280 children's cortical bone, providing insights into the evolution of stiffness coefficients with age. 281
Moreover, it offers the first complete analysis of stiffness coefficients in the three orthogonal bone 282 axes in children, giving some indication of how bone anisotropy is related to age. Future perspectives 283 include studying the effect of the structure and composition of bone on its mechanical behavior. 284 
